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Abstract
Vegetation is a key component of the ecosystem and plays an important role in water retention and resistance to soil erosion. In
this study, we used a multiyear normalized difference vegetation index (NDVI) dataset (1982–2013) and corresponding datasets
for observed climatic variables to analyze changes in the NDVI at both temporal and spatial scales. The relationships between
NDVI, climate change, and human activities were also investigated. The annual average NDVI showed an upward trend over the
32-year study period, especially in the center of the Loess Plateau. NDVI variations lagged behind monthly temperature changes
by approximately 1 month. The contribution of human activities to variations in NDVI has become increasingly significant in
recent years, with human activities responsible for 30.4% of the change in NDVI during the period 2001–2013. The increased
vegetation coverage has reduced soil erosion on the Loess Plateau in recent years. It is suggested that natural restoration of
vegetation is the most effective measure for control of erosion; engineeringmeasures that promote this should feature in the future
governance of the Loess Plateau.
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Introduction
Vegetation connects the soil, water, and atmosphere and is an
important indicator of changes in climate and human activities
(Vereecken et al. 2010). In an ecosystem, the ground cover
provided by vegetation plays a pivotal role in the regulation of
various biogeochemical cycles, e.g., water (Gerten et al. 2004;
Scheffer et al. 2005; Troch et al. 2009) and carbon dioxide
(Allen et al. 1987; Levis et al. 2000). At the macroscale, land–
atmosphere exchanges of energy and water result in positive
feedback between vegetation density and climate, especially
in semi-arid zones (Dekker et al. 2007; Zeng et al. 1999).
Variations in vegetation growth due to either human activities
or climate change can induce natural disturbances.
Undoubtedly, changes in vegetation directly or indirectly
modify biosphere–atmosphere interactions, including the hy-
drological cycle (Gao et al. 2016; Liang et al. 2015; Wu et al.
2017) and energy budgets (Chapin et al. 2005; McVicar et al.
2007). A lack of protective vegetation can easily trigger severe
erosion (Cantón et al. 2001; Ludwig et al. 2005) and subse-
quent deterioration of the soil (Marques et al. 2008), decline in
land productivity (Lantican et al. 2003; Pimentel and
Kounang 1998), and degradation of streams, lakes, and estu-
aries by transported sediments and pollutants (Ouyang et al.
2010; Ouyang et al. 2009; Tang et al. 2011; Zhang et al. 2008).
Moreover, changes in vegetation cover are known to influence
the climate system by modifying the radiative, momentum,
and hydrologic balance of the land surface (Levis et al. 2000).
Responsible editor: Philippe Garrigues
Electronic supplementary material The online version of this article
(https://doi.org/10.1007/s11356-018-1480-x) contains supplementary
material, which is available to authorized users.
* Chiyuan Miao
miaocy@vip.sina.com
1 State Key Laboratory of Earth Surface Processes and Resource
Ecology, Faculty of Geographical Science, Beijing Normal
University, Beijing 100875, China
2 School of Engineering, The University of Edinburgh, The King’s
Buildings, Edinburgh EH9 3JL, UK
3 State Key Laboratory of Simulation and Regulation of Water Cycle
in River Basin, China Institute of Water Resources and Hydropower
Research, Beijing 100038, China
4 Key Laboratory of Agricultural Non-Point Source Pollution Control,
Ministry of Agriculture/Institute of Agricultural Resources and
Regional Planning, Chinese Academy of Agricultural Sciences,
Beijing 100081, China
Environmental Science and Pollution Research
https://doi.org/10.1007/s11356-018-1480-x
The Loess Plateau covers an area of more than
620,000 km2 over the middle reaches of the Yellow River in
northern China (Fig. 1). Highly erodible soils, steep slopes,
heavy storms, and low levels of vegetation cover from inten-
sive cultivation and improper land use have led to the Loess
Plateau becoming one of the most highly eroded regions in the
world (Li et al. 2010). With a mean denudation rate of 3.0 ±
1.2 mm year−1 (Yue et al. 2016), the Loess Plateau supplies ~
90% of the sediment in the Yellow River, leading to the well-
known Bhanging river^ phenomenon in the lower reaches
(Kong et al. 2015; Tang et al. 1991). For example, at Kaifeng
in Henan Province, the Yellow River is approximately 10 m
above ground level (Miao et al. 2016). The climate on the
Loess Plateau is arid and semi-arid, meaning that climate
change, and especially changes in precipitation, has a direct
influence on vegetation cover (Li et al. 2012; Liu and Sang
2013; Zhang et al. 2012a, b). Temperature has been reported to
be the controlling factor for seasonal changes in vegetation
growth on the Loess Plateau (Xin et al. 2008). Sun et al.
(2015) reported that higher temperatures promote the growth
of vegetation in areas that are less water-stressed. The relation-
ship between vegetation and precipitation on the plateau has
been studied extensively (Wang et al. 2010a). In addition to
climate change, human activity is an important factor that can
influence vegetation growth. To mitigate serious soil erosion, a
series of programs to control water and soil loss have been
implemented on the plateau since the 1980s, including
optimizing the structure and configuration of land usages, ter-
racing the slopes, restoring sloping cropland to forests and
grassland, enclosing the hillsides and banning grazing, and
building reservoirs (Fan et al. 2015a; Fan et al. 2015b; Miao
et al. 2011;Wang et al. 2015; Yang 2003). By 2006, about 49%
of eroded land was subject to these types of soil and water
conservation measures (including 52,729 km2 of prime farm-
land, 94,613 km2 of afforestation, and 34,938 km2 of grass
planting) (Gao et al. 2011). Undoubtedly, these human activi-
ties have played a significant role in the improvements in veg-
etation coverage. However, regional urbanization and industri-
alization, overgrazing, logging, and excessive reclamation and
mining have resulted in adverse effects on vegetation growth
on the Loess Plateau because of their unsustainable use of
water resources (Feng et al. 2016). It has been reported that
human activities have played a major role in land use changes
on the Loess Plateau, but that the change in vegetation growth
has probably been accelerated by climate change (Li et al.
2016). Thus, the overall impact of human activities remains
to be fully assessed. Although many previous studies have
considered the impact of climate change and human activities
on vegetation cover and ecological restoration on the Loess
Plateau (Yi et al. 2014; Li et al. 2013; Xin et al. 2008), the
Fig. 1 Location of the Loess Plateau and the distribution of meteorological stations
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majority focused on purely qualitative evaluation of the effects
of climate change or human activities on variations in the nor-
malized difference vegetation index (NDVI) and did not take
into account time-lag effects.
With this in mind, the present study aims to provide a
quantitative overview of vegetation cover on the Loess
Plateau that can be used to guide future studies on ecological
rehabilitation in this region. The study has the following ob-
jectives: (i) to analyze variations in vegetation cover on the
Loess Plateau using NDVI time series data, (ii) to investigate
time-lag effects of the vegetation response to climate factors,
and (iii) to quantify contributions from climate change and
human activities to changes in vegetation cover.
Datasets and methods
Data sources
The NDVI, defined as the ratio of the difference between near-
infrared and red visible reflectance to their sum, is an indicator
of vegetation greenness and productivity. The NDVI has been
widely used to describe vegetation dynamics because of its
close correlation with biophysical and biochemical variables,
such as vegetation coverage (Sun et al. 2015; Zhang et al.
2016). In this study, we used the long time series NDVI
dataset from the Global Inventory Monitoring and Modeling
Systems (GIMMS3g) for the period from January 1982 to
December 2013, which we acquired from the National
Oceanographic and Atmospheric Administration (NOAA)
(http://ecocast.arc.nasa.gov/data/pub/gimms) (Tucker et al.
2005). Data were collected at 15-day intervals at a spatial
resolution of 0.083° (Fensholt and Proud 2012). Sun et al.
(2015) compared the monthly NDVI series trends on the
Loess Plateau from LTDR (AVH13C1) (1995 to 1999) and
MODIS (MOD13A3) (2000 to 2005) with the corresponding
GIMMS dataset (1995 to 2005). The results indicated that
GIMMS NDVI systematically underestimates vegetation on
the Loess Plateau (by up to 0.05). The regression slope of the
LTDR NDVI versus the GIMMS NDVI was very similar to
that of the MODIS NDVI versus the GIMMS NDVI. In order
to improve the accuracy and reliability of the dataset, we used
the widely accepted MODIS dataset from February 2000 to
December 2013 to correct the GIMMS3g dataset. First, we
used linear regression to assess the relationship between the
GIMMS3g and MODIS datasets using data from February
2000 to December 2013 for each grid point in the two datasets.
Then, we reconstructed all the data for each grid point over the
period from January 1982 to December 2013. This correction
method has been used in other previous studies (e.g., Zhang
et al. 2016; Li et al. 2017). Both the GIMMS3g and MODIS
NDVI composites were created with the maximum value
composite (MVC) technique, which minimizes the effects of
cloud cover by selecting the highest NDVI at each pixel from
daily images taken over a period of 15 or 16 days (Holben
1986). The seasonal mean NDVI values were averaged and
grouped by season as follows: spring (March to May), sum-
mer (June to August), autumn (September to November), and
winter (December to February of the next year) (Sun et al.
2015).
The observed monthly precipitation and temperature
datasets used in this study were provided by the National
Meteorological Information Center of the China
Meteorological Administration (http://data.cma.cn). The site-
based datasets for precipitation and temperature were con-
structed from approximately 2400 station observations across
China, including 299 stations on the Loess Plateau (Fig. 1).
This high-density dataset ensures the reliability of our analy-
sis. For consistency with the NDVI data, we used linear inter-
polation to transform the precipitation and temperature data to
a 0.083° × 0.083° grid for the period 1982–2013.
Two detailed national soil erosion surveys were undertaken
in China during the periods 1995–1996 and 2010–2012. The
soil erosion data were obtained from http://cese.pku.edu.cn/
chinaerosion provided by Yue et al. (2016). The national soil
erosion survey was conducted with a county as a unit survey




The statistical significance of the trends in NDVI, pre-
cipitation, and temperature was tested with the non-
parametric Mann–Kendall test (Mann 1945), and the
trend magnitudes were computed by Sen’s slope estima-
tor (Sen 1968). The rank-based non-parametric Mann–
Kendall test is encountered more frequently than para-
metric statistical tests in analyses of hydrometeorological
time series (Yue et al. 2002) and makes no assumptions
about the probability distribution (Önöz and Bayazit
2003). This method can examine trends in a time series
without requiring normality or linearity. The mutation
analysis was conducted with a sequential Mann–Kendall
test, which is sequential progressive (U(t)) and backward
(U′(t)) analyses based on the Mann–Kendall test. If the
two series cross and then diverge from each other for a
long period of time, the initial divergence year marks an
abrupt turning point in the trend (Mohsin and Gough
2010; Tabari et al. 2011). The sequential behavior fluc-
tuates close to zero. A detailed description of the Mann–
Kendall and sequential Mann–Kendall tests can be found
in previous l i terature (Partal and Kahya 2006;
Sayemuzzaman et al. 2014).
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(2) Time-lag detection
The relationship between the NDVI and the climatic factors is
shown in Eq. (1):
Z ¼ ki  V þ b ð1Þ
where ki is the regression coefficient with a time lag of i
months, Z is the NDVI time series (1982–2013), and V is the
time series for precipitation or temperature, with a time lag of
i. For each climatic factor, the lag month (i) that has the
highest coefficient of determination (R2) is the best time lag
for the vegetation response to that climatic factor.
(3) Quantitative assessment of the changes in NDVI due
to climate change and human activities
Briefly, variations in the NDVI are the result of both climate
change and human activities. Assuming that the effects of
climate change and human activities on NDVI are indepen-
dent, the total change in NDVI (ΔNDVItotal) can be expressed
as
ΔNDVItotal ¼ ΔNDVIclimate þ ΔNDVIhuman ð2Þ
where ΔNDVIclimate represents the change in NDVI caused by
climate change and ΔNDVIhuman represents the change in
NDVI caused by human activities.
To quantify the influence of climate change and human
activities on NDVI variations, a baseline (benchmark) period
is set. Usually, a period during which one individual factor
dominates the impact is selected as the baseline period.
Here, climate change dominated the impact during the base-
line period, with a negligible effect of human activities (Wu
et al. 2017). The relationship between NDVI and climate fac-
tors during the baseline period is determined bymultiple linear
regression.
Then, the NDVI during the post-baseline period can be
reconstructed on the basis of the above multiple linear regres-
sion. The variation in the reconstructed NDVI is only affected
by climate change. According to Eq. (2), any differences be-
tween the observed and reconstructed NDVI can be attributed
to human activities. Thus, the contributions of climate change
(Cclimate) and human activities (Chuman) to variations in NDVI
can be calculated by
Cclimate ¼ xreconstruction−xbaselinexobservation−xbaseline  100% ð3Þ
Chuman ¼ 100%−Cclimate ð4Þ
where xobservation represents the mean annual observed NDVI
during the post-baseline period, xreconstruction represents the
mean reconstructed annual NDVI during the post-baseline
period, and xbaseline represents the mean annual NDVI during
the baseline period. The calculated contributions to changes in
vegetation cover dynamics from climate change and human
activities are not absolute but instead are calculated relative to
this baseline period. This process is shown schematically in
Fig. 2. We have used a similar application of this method in
our previous studies (Kong et al. 2016; Miao et al. 2011).
Results
Temporal variations in vegetation cover
The magnitude of the monthly NDVI and how it changes over
time are important indicators of the contribution of vegetation
activity in different months to the total annual plant growth.
Figure 3 shows the temporal variations in the average NDVI
for the Loess Plateau for the period 1982–2013. The NDVI
fluctuated seasonally, with the highest values occurring be-
tween July and August and the lowest values occurring be-
tween January and February, indicating that the vegetation
cover is dependent on the climate. Both annual and seasonal
NDVI largely improved from 1982 to 2013, especially in the
most recent decade. There was a significant upward trend in
the annual average NDVI over the 32-year study period
(Table 1; Z = 3.91). Autumn showed the most obvious in-
crease (Z = 3.78), with a rate of 0.0013 NDVI units per year,
followed by spring (Z = 2.64) and summer (Z = 2.06).
However, the NDVI values showed rapid growth in summer
during recent decades (Fig. 3). It is noteworthy that themonth-
ly NDVI variation trends were not consistent, as can be seen in
Table 1. For January–March, the monthly NDVI trends were
negative but had non-significant Z values in the Mann–
Kendall test. This may be related to the coupling of the neg-
ative effects of afforestation with the decreased rainfall in the
winter in the early 2000s (or increased evaporation due to
global warming), especially in the Huangfuchuan, Kuyehe,
Fig. 2 Schematic diagram illustrating quantitative assessment of the
impact of climate change and human activities on NDVI
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Wudinghe, and Yanhe watersheds (Fu et al. 2017; Sun et al.
2015). For April–October, there were significant upward
trends in the NDVI. The peak increase was in October, with
a rate of 0.002 NDVI units per year.
Spatial variations in vegetation cover
Owing to the complex climate on the Loess Plateau, vegeta-
tion cover follows a gradient across the plateau. Figure 4
shows the spatial variations in the average NDVI during the
period 1982–2013. Vegetation cover is greater in the southeast
of the plateau than in the northwest. The 0.3 NDVI contour
(blue) did not change significantly between 1982 and 2013.
However, the 0.2 NDVI contour (red) clearly retreated toward
the northwest in 2001–2013, compared with the previous time
period. This indicates that the vegetation cover in the center of
the Loess Plateau changed dramatically, as shown in detail in
Fig. 5. Although there was an overall upward trend in the
annual average NDVI at the level of the study area as a whole,
there was in fact a high degree of spatial heterogeneity. As
shown in Fig. 5, the NDVI tended to increase in most areas,
especially in the center of the plateau, but decreased sharply in
the marginal areas in the west of the plateau. The center of the
plateau contains highly eroded areas termed Bhilly and gully
regions,^ which have been the focus of vegetation restoration
efforts in the BGrain-to-Green^ project over the last 10 years
(Sun et al. 2015). This project is largely responsible for the
recovery of vegetation in the center of the plateau over the last
decade. Figure S1 shows the changes in land use on the Loess
Plateau over the past three decades. It can be seen that resi-
dential land use increased in the marginal areas of the plateau,
which likely explains the downward NDVI trends in these
regions.
Impact of climate change on vegetation coverage
The results of the Mann–Kendall test for trends in precipita-
tion and temperature on the Loess Plateau are summarized in
Table 1, and the temporal variations in annual precipitation
and average temperature over the period 1982–2013 are
shown in Fig. S2. Precipitation increased in some months
and decreased in other months, and overall, there was a non-
significant upward trend (0.4603 mm year−1) in annual pre-
cipitation over the study period (1982–2013). We observed an
Fig. 3 Temporal variations in the average NDVI for the Loess Plateau
during the period 1982–2013
Table 1 Results of the Mann–
Kendall test for NDVI,
precipitation, and temperature.
Ital emphasis indicates that the
trend was significant at the 95%
confidence level
Time NDVI Precipitation Temperature
Z Slope Z Slope (mm year−1) Z Slope (°C year−1)
January − 0.83 − 0.0002 0.47 0.0244 0.24 0.0055
February − 0.86 − 0.0002 1.54 0.0767 2.51 0.1040
March − 0.44 − 0.0001 − 1.70 − 0.2591 3.03 0.0966
April 2.55 0.0007 − 0.47 − 0.0842 2.40 0.0609
May 3.13 0.0009 − 0.08 − 0.0687 1.86 0.0334
June 2.32 0.0010 − 0.83 − 0.3322 4.10 0.0624
July 1.96 0.0009 0.83 0.3447 2.77 0.0427
August 2.68 0.0011 − 0.76 − 0.3404 2.77 0.0400
September 3.36 0.0012 1.86 0.9025 1.12 0.0247
October 4.01 0.0019 − 0.76 − 0.1829 1.25 0.0236
November 1.05 0.0002 0.37 0.0365 1.51 0.0402
December 0.18 0.0000 0.00 − 0.0003 0.34 0.0092
Spring 2.64 0.0006 − 0.70 − 0.3285 3.71 0.0669
Summer 2.03 0.0011 0.24 0.2704 3.49 0.0489
Autumn 3.78 0.0013 1.64 0.7349 2.03 0.0287
Winter − 0.42 0.0000 0.73 0.0960 1.70 0.0468
Annual 3.91 0.0007 0.37 0.4603 3.36 0.0440
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upward trend in temperature in all months (Table 1), with an
annual rate of increase of 0.0440 °C year−1, which was signif-
icant at the 95% confidence level. The concurrent increases in
summer rainfall and temperature could enhance plant growth
on the plateau.
It is likely that the trends and patterns in the NDVI are
coupled to trends and patterns in climatic variables. We found
that the pattern ofmeanmonthly precipitation and temperature
values was consistent with changes in NDVI: high values in
summer and low values in winter (Fig. 6). It can be seen in
Fig. 6c that there was a steep increase in NDVI from April to
May and a steep decrease from September to October.
Notably, the greatest mean precipitation occurred in July, but
the largest mean NDVI occurred in August. This indicates that
there is a time lag in the NDVI response to climate factors.
Such a time-lag effect has been reported in previous studies
(Wu et al. 2015). In the present study, we investigated the
scale of this time lag.
To evaluate the dependency of the vegetation on tempera-
ture and precipitation at different time lags, the temperature
and precipitation data were designated as independent vari-
ables and the NDVI data as the dependent variable. Previous
studies at the monthly scale found that the time lag of vegeta-
tion responses to climate was generally shorter than 3 months
(Anderson et al. 2010; Chen et al. 2014). Therefore, we con-
sidered time lags in the range 0–3 months.
The time lags between NDVI and temperature or precipi-
tation are shown in Fig. 7. We found that the time lags of the
NDVI response to climatic factors fell within 1 month. The
results verified our hypothesis that the time lag of the vegeta-
tion response may be different for different climatic factors.
Vegetation growth showed the greatest correlation with pre-
cipitation within the same month and exhibited no lag effects
over most of the plateau. Grid locations with a 0-month time
lag accounted for 66.1% of the entire study region, and the
remaining grid locations had a 1-month time lag. For temper-
ature, grid locations with a 0-month time lag accounted for
36.1% of the study region, with 1-month time lags occurring
in 63.9% of the region. As shown in Fig. 7, the time lags
between NDVI and the climatic factors were different in dif-
ferent regions of the plateau. This may be due to differences in
vegetation, as reported previously (Wu et al. 2015).
Impact of human activities on vegetation coverage
Soil conservation projects on the Loess Plateau have paid
great attention to re-vegetation. Planting of trees and grasses
was the major re-vegetation method used until the late 1990s,
but most of the planting attempts were not successful. The
planted trees and grasses grew well over the first few years
but then began to die because of the formation of a dry layer in
the soil (Zhou et al. 2013). This means that climate change
dominated NDVI variations during that period, with only a
negligible influence of human activities. Thus, in this study,
we used that period (1982–1990) as our baseline period. In the
present research, therefore, we compared the different contri-
butions of climate change and human activities to variations in
NDVI with respect to this baseline period. In this work, we
Fig. 4 Spatial distribution of the average NDVI for the Loess Plateau. a
1982–1990. b 1991–2000. c 2001–2007. d 2008–2013
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first detected time-lag effects, and then adjusted the data series
on the basis of the obtained time-lag scale, and then performed
the quantitative calculation.
Because the dependence of vegetation on climate factors
varies between the growing season (May to September) and
the non-growing season (October to April), we explored the
relationships separately for the separate seasons. Multiple lin-
ear regression was used to simulate the relationship between
NDVI and the climate factors, and then, the model was used to
make predictions. First, we verified in IBM SPSS Statistics 20
that the data met the preconditions for multiple linear regres-
sion. The linear relationships between NDVI and
precipitation/temperature were detected via simple linear re-
gression, and there was no multicollinearity between precipi-
tation and temperature (variance inflation factors < 3). We
detected no autocorrelation in the NDVI data series (Durbin
Watson ≈ 2). Second, after fitting the regression model, the
residuals were checked and found to fit the normal distribu-
tion. The relationships between NDVI and the climate factors
in the baseline period during the growing season and the non-
growing season are presented in Fig. S3 and demonstrate that
our multiple linear regression models were acceptable [R
square values of 0.91 (growing season) and 0.84 (non-grow-
ing season), with P values less than 0.01]. The positive coef-
ficients between the NDVI and precipitation (temperature)
suggest that increasing precipitation (temperature) led to an
improvement in vegetation cover under certain conditions.
The annual NDVI data series for the period 1991–2013 was
reconstructed on the basis of these two models. The quantita-
tive results are summarized in Table S1. During the period
1991–2013, the contribution of climate change to variations
in NDVI was 75.4%, higher than the contribution from human
activities (24.6%). However, during the period 1991–2000,
climate change played a highly dominant role, with a contri-
bution of 97.3%. For the period 2001–2013, the overall
contribution from human activities increased significantly to
30.4%while the contribution from climate change decreased to
69.6%. This is consistent with previous studies indicating that
soil conservation projects that included re-vegetation were
effective from the late 1990s (Zhou et al. 2013; Li et al.
2016). Our results indicate that human activities have had a
Fig. 5 Spatiotemporal changes in
the annual average NDVI on the
Loess Plateau during the period
1982–2013
Fig. 6 Comparison of average monthly precipitation (a), temperature (b),
and NDVI (c) on the Loess Plateau over the period 1982–2013
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net positive impact on the restoration of vegetation on the
Loess Plateau, in line with previous results (Yi et al. 2014).
Influence of vegetation cover on soil retention
The Loess Plateau is famous for its deep loess deposits.
Because of the individual geographic landscape, the soil, the
climatic conditions, and the long history of human activity
stretching over 5000 years, the plateau has suffered from in-
tensive soil erosion, which has had prolonged effects on social
and economic development in the region (Shi and Shao 2000).
Vegetation is one of the key factors affecting soil erosion, and
restoration of vegetation is a dominant factor in reducing soil
erosion (Xin et al. 2011; Xin et al. 2012; Zheng 2006; Zhou
et al. 2006). Relatively high degrees of vegetation cover are
found in the mountainous areas and the agricultural areas (the
valley plain) in the southern region of the plateau (e.g., the
Weihe and Fenhe plains). Less-dense vegetation is found in
the loess hilly and gully regions, which have been subject to
severe soil erosion (e.g., the Mu Us Desert) (Fig. 4).
Restoration of vegetation has mainly occurred in areas of the
plateau dominated by water erosion; therefore, we did not
consider wind erosion in this assessment (Fu et al. 2011).
According to the second national soil erosion survey, over
25.7% of the Loess Plateau suffers from water erosion of the
soil to a moderate or higher degree.
Figure 8 shows the spatial distribution of water erosion on
the Loess Plateau according to national surveys conducted in
1995–1996 and 2010–2012. All regions on the plateau have
suffered from water erosion to varying degrees. Figure 8a
shows that the area with the most severe soil erosion (greater
than 8 Mt year−1) lies in the section between the Toudaoguai
and Longmen stations (Zhao et al. 2016), which is also called
the BCoarse Sandy Hilly Catchments^ area (Zhang et al.
2008). This region covers an area of 7.86 × 104 km2, account-
ing for only 14.8% of the entire Yellow River basin but pro-
ducing nearly 80% of the coarse sediment input to the Yellow
River (Xu et al. 1998). A comparison of the two periods (Fig.
8c) shows that soil erosion has been reduced in most areas
(82%), with worsening erosion present in only a few areas
(18%). This is consistent with the spatial variation in vegeta-
tion on the Loess Plateau described above (Fig. S4).
Interestingly, the regions with the highest degree of improve-
ment correspond to the regions that suffered the greatest de-
gree of erosion. This is especially true in the hilly and gully
parts of the Plateau, which are the main source of sediment in
the Yellow River (Xin et al. 2015; Zhang et al. 2012a, b).
To better understand the effects of vegetation coverage on
erosion, long-term data on the sediment load at the Tongguan
and Huayuankou stations were evaluated for different soil
conservation periods (Fig. 9). Overall, between 1982 and
2013, there was a downward trend in the average annual sed-
iment load at both Tongguan and Huyuankou stations. A sig-
nificant reduction in sediment load was detected during this
period, which could reflect increased vegetation coverage.
Our calculation shows that sediment load at Tongguan station
was negatively correlated with vegetation coverage and had a
correlation coefficient of − 0.49, which is significant at the
95% confidence level. The results are consistent with those
of Xin et al. (2015), who estimated that vegetation restoration
contributed about 2.35 × 108 t year−1 of the sediment yield
decrease in the middle Yellow River.
Discussion
The restoration of vegetation cover plays a significant role in
the control of soil erosion within an ecosystem (Kou et al.
2016). Evidence indicates that re-vegetation is currently a ma-
jor measure in use for the control of soil erosion on the Loess
Plateau (Chen et al. 2007; Nearing et al. 2005; Wen et al.
2010). Afforestation, the return of cropland to grass, and pro-
hibition of grazing are popular re-vegetation measures on the
Loess Plateau (Zhao et al. 2013). However, the majority of
afforestation projects have been unsuccessful. The newly
planted trees and grasses usually grow well for the first few
Fig. 7 Time lags between NDVI and precipitation (a) and temperature (b)
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years but then die because of the formation of a dry layer. It
has been reported that decreased soil moisture in the affores-
tation plot, combined with reduced sunlight under the tree
canopies, has decreased vegetation cover by 30.5% in
afforestation plots in arid and semi-arid regions of northern
Shaanxi Province (Cao et al. 2009).
Too much emphasis was placed on the economic benefits
of afforestation during its initial implementation, leading to a
large proportion of non-natural forest with weak ecological
functions (Zhang and Liu 2007). Several programs in the
Grain-to-Green project, such as in Wuqi County in northern
Shaanxi Province, have demonstrated success with natural re-
vegetation, which is now considered the most suitable method
for the control of soil erosion and ecological restoration
(König et al. 2014; Kou et al. 2016; Sun et al. 2014).
However, the process of natural restoration is slow, and engi-
neering measures that promote natural restoration (e.g., artifi-
cial irrigation) are also required (Li et al. 2015). Although a
series of projects that aim to return sloping arable land to forest
have been implemented, many of these ecological restoration
projects that were based on artificial tree planting have failed,
demonstrating the lack of practical support for this method.
Afforestation may initially increase the vegetation cover, but it
has a negative effect on biodiversity, and its ability to restore
the eco-environment depends on both the type of re-
vegetation carried out and the local environment (Lamb
et al. 2005; Wang et al. 2014). Inappropriate restoration ap-
proaches might exacerbate soil moisture deficits and result in
serious soil desiccation, and a consequent reduction in vege-
tation (Wang et al. 2016; Wang et al. 2010b). Thus, the avail-
ability of water and other ecological conditions in the local
region should be considered before vegetation restoration is
initiated. For more efficient ecological restoration on the
Loess Plateau, it may be best to implement the more success-
ful policies, such as prohibition of grazing and logging and
conversion of unsuitable cultivated sloping land to forest,
while maintaining the natural species. In general, the distribu-
tion of economic crops, food crops, artificially planted vege-
tation, and natural vegetation should be reasonably arranged
within the regional governance of the Loess Plateau, forming
Fig. 8 Spatial distribution of water erosion on the Loess Plateau
according to national surveys in 1995–1996 (a) and 2010–2012 (b).
The difference in total soil removal between the two surveys (c)
Fig. 9 Annual sediment load at Tongguan and Huayuankou hydrological
stations over the period 1982–2013
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a complete landscape and complex ecosystem (Li et al. 2003;
Feng et al. 2016).
Conclusions
In this study, we used a multiyear NDVI dataset from 1982 to
2013 and corresponding climate datasets to analyze the tem-
poral and spatial trends in NDVI on the Loess Plateau, and the
relationship to climate change and human activity. The annual
average NDVI showed an upward trend across the 32-year
study period, especially in the center of the Loess Plateau.
We investigated whether the NDVI response lagged behind
monthly changes in precipitation and temperature. We found
that vegetation growth had the greatest correlation with pre-
cipitation when there was no lag (i.e., within the same month),
whereas there was a 1-month lag with temperature. We also
quantitatively estimated the relative effects of climate change
and human activities on variations in NDVI after correcting
for the time-lag effect. Our results show that the contribution
of human activities to variations in NDVI has become more
significant. For the period 2001–2013, the overall contribution
from human activities (30.4%) was significantly greater than
the contribution during the period 1991–2000 (2.7%), indicat-
ing that the recent restoration measures are more effective than
previous measures. Thus, the previous ineffective measures
should be canceled to avoid wasting human and financial
resources. The increased vegetation coverage has reduced soil
erosion on the Loess Plateau, leading in turn to a reduction in
the volume of sediment delivered to the lower reaches of the
Yellow River. We suggest that natural vegetation restoration is
the most effective measure for control of erosion, and engi-
neering measures that promote this should feature in the future
governance of the Loess Plateau. A better match of vegetation
species and planting density to the natural environment should
be considered.
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